Crude spinach leaf extract readily forms the stearoyl derivative ofacyl-carrier-protein (ACP) when acetyl-ACP and malonyl-ACP are incubated together. Palmitoyl-ACP is also elongated by malonyl-ACP to stearoyl-ACP. When P-ketoacyl-ACP synthase {3-oxoacyl-[ACP] synthase; acyl-[ACP]:malonyl-
,B-Ketoacyl-[acyl-carrier-protein (ACP)] synthase {3-oxoacyl-[ACP] synthase; acyl-[ACP]:malonyl-[ACP] C-acyltransferase (decarboxylating), EC 2.3.1.41} catalyzes the key condensation of an acyl-ACP with malonyl-ACP to form /3ketoacyl-ACP. In Escherichia coli, D'Agnolo et al. in 1975 (1) recognized the presence of two synthases designated synthases I and II. Although both enzymes had similar affinities with saturated and cis-unsaturated acyl-ACPs, synthase II had a lower Km and a higher Vma than did synthase I with palmitoyl-ACP. The E. coli synthase I is a dimer with -a molecular weight of 80,000, whereas synthase II is' a dimer with a molecular weight of 85,000 (2). It was proposed that synthase II played a role in modulating fatty acid synthesis and, hence, fatty acid composition when E. coli' were grown at different temperatures (2).
In 1974, Jaworski et al.
(3) reported on the conversion ofpalmitoyl-ACP to stearoyl-ACP by an extract ofmaturing safflower seeds. The system appeared to differ from the de novo fatty acid synthesis (FAS) enzyme system (with acetyl-ACP as the primer substrate) in that (i) it was inactivated at 370C, whereas the de novo system that formed palmitoyl-ACP remained fully active, and (ii) the elongation system was relatively insensitive to cerulenin, whereas the de novo-system was highly sensitive. These and other data suggested a de novo system responsible for the conversion of C2 to C16 fatty acids, and a restrictive elongation system that specifically converted C16 to C18 fatty acids.
Because the plant FAS (PFAS) enzyme system in the spinach chloroplast is of a nonassociated type (4) , the opportunity to separate the de novo and the elongation systems was quite feasible. Therefore, this investigation reports on (i) the isolation oftwo distinct synthases I and II from spinach leafextracts with unusual substrate specificities and (ii) reconstitution experiments with highly purified enzymes of the PFAS system to which synthases I and II alone and together were added to determine their role in. FAS. While this work. was in progress, Schfiz et at (5) reported on the isolation of a &k-etoacyl-ACP synthase for suspension cells of parsley, which appears to be identical to synthase I of spinach leaf.
MATERIALS AND METHODS
Purification ofSpinach f-Ketoacyl-ACP Synthases I and II.
Methods for preparingcrude extract from spinach leaves (6) and for purifying ,(-ketoacyl-ACP synthase 1180-fold from the crude extract (unpublished) have been described. -Ketoacyl-ACP synthase II was purified from spinach crude extract in the following manner. All solutions were kept at 40C. Glycerol (50 ml) and 2 mM dithiothreitol were added to 200 ml of spinach crude extract (1,728 mg of protein). After the mixture was stirred. for 20 min at 40C, ammonium sulfate (solid) was added. gradually with stirring to 40% saturation, and the pH of the solution was adjusted. to 8.0 with 2 M KOH. The solution was stirred for an additional 30 min before centrifugation at 10,000 X g for 30 min. Additional ammonium sulfate.was added to the resulting supernatant until 80% saturation was obtained. The precipitate formed between 40% and 80% ammonium sulfate saturation was dissolved in 20' ml of buffer A (0.05 M potassium phosphate buffer, pH 8.0/20% glycerol/2 mM dithiothreitol) and dialyzed overnight against 2 liters of buffer A. The dialyzed solution was applied to a Sephacryl S-300 (Pharmacia) column (4 X 41 cm) equilibrated with buffer A. The column was eluted with the same buffer, and fractions of 4.85 ml were collected (see Fig.  2 ). Fractions (nos. 62-75) were collected and'applied to a Cibacron Blue-agarose (Bio-Rad, 100-200 mesh) column (1.3 x 12 cm) equilibrated with buffer A at a flow rate of 10 ml/hr. After the column was washed with about 70 ml'ofbuffer A, the column was eluted with 100 ml of buffer A containing a linear gradient (0.'05-0.3 M) ofpotassium phosphate. Fractions of1.89 ml were collected. 83-Ketoacyl-ACP synthase II was eluted at 0.25 M potassium phosphate. The fractions containing the synthase II activity were pooled, concentrated to about 4 ml with a membrane filter (Amicon PM30), and diluted with 30 ml of a solution containing 20%'glycerol and 2 mM'dithiothreitol. Then the diluted sample was applied to a P 11 cellulose phosphate,(Whatman) column (1.3 x 10 cm) equilibrated with buffer A. After washing the column with about 30 ml of buffer A, the column was eluted with 100 -ml of buffer A containing a linear gradient ofpotassium phosphate (0.05-0.3 M). Fractions of 1.89 ml were collected. The synthase II was eluted'at 0.075 M po-Abbreviations: ACP, acyl-carrier-protein; FAS, fatty acid synthesis; PFAS, plant FAS.
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The publication costs ofthis article were defrayedin part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. tassium phosphate. By this step, the synthase II was separated almost completely from the synthase I, which did not adsorb to cellulose phosphate. Fractions containing the synthase II activity were collected, concentrated with a membrane filter (Amicon PM30), and stored at -70'C without any loss of activity for 1 month.
Enzymes and Other Assays. Malonyl-CoA:ACP transacylase, /3-ketoacyl-ACP synthase I, f3-ketoacyl-ACP reductase, fhydroxyacyl-ACP hydro-lyase (dehydrase), and enoyl-ACP reductase activities were assayed as described (4, 6, 7). -Ketoacyl-ACP synthase II was assayed as described by Garwin et al.
(2) except that twice the volume of the reaction mixture (40 I1I) and other reagents were used. Palmitoyl-ACP was used as the assay substrate for synthase II. For experiments with cerulenin and other inhibitors, synthases I and II were preincubated with these compounds for 15 min at 250C. Protein concentrations were determined by the Bradford method (8) .
Molecular Weight Determination. The purified (3-ketoacyl-ACP synthase II was concentrated with a membrane filter (Amion PM30) and dialyzed against buffer A containing 0.3 M KC1. An aliquot (1 ml; 0.2 mg ofprotein) was applied to a Sephacryl S-300 column (1.5 X 47.5 cm) equilibrated with buffer A containing 0.3 M KC1. The column was developed with the same buffer. Synthase II was eluted at the elution volume of 50 ml. When blue dextran, aldolase (Mr, 158,000), bovine serum albumin (Mr, 67,000), ovalbumin (Mr, 45,000), chymotrypsinogen A (Mr, 25,000), cytochrome c (Mr, 12,500), and FMN were run under identical conditions, their elution volumes (of the peak positions) were 29.4, 43.7, 48.7, 52.0, 56.2, 59.2, and 75.6 ml, respectively.
Reconstitution of the PFAS Enzyme System. The complete reaction mixture contained 0.1 M potassium phosphate (pH 7.5), 2 mM EDTA, 1 mM dithiothreitol, 55 ,uM [1,3-14C]malonyl-CoA (16.2 ,uCi/mol; 1 Ci = 3.7 X 1010 becquerels), 50 ,ug of ACP, 0.6 pM hexanoyl-ACP, 0.5 mM NADH, 1 mM NADPH, 85 milliunits of malonyl-CoA:ACP transacylase, 0.5 milliunit of ,B3ketoacyl-ACP synthase I, 0.93 milliunit of ,3-ketoacyl-ACP synthase II, 65.5 milliunits of, 3ketoacyl-ACP reductase, 11.6 milliunits of 3hydroxyacyl-ACP hydro-lyase, and 24.3 milliunits of enoyl-ACP reductase in a final volume of 0.5 ml. (One milliunit is defined as 1 nmol of substrate changed per min at 25°C under optimal conditions for each enzyme.) 3,-Ketoacyl-ACP synthases I and II were preincubated with malonyl-CoA:ACP transacylase, ,B-ketoacyl-ACP reductase, ,B-hydroxyacyl-ACP hydro-lyase, enoyl-ACP reductase, ACP, and dithiothreitol for 20 min at 25°C. Then the other components were added to the preincubated mixture, and the reaction was continued for 60 min at 33°C, after which the reaction was stopped by addition of 0.1 ml of 8 M KOH and heated at 80°C for 30 min. For the assay of de novo FAS enzyme activity in crude extract, the crude extract from spinach leaves (0.83 mg of protein) was used instead ofthe purified enzymes and assayed as described above, except that 10 ,uM acetyl-CoA was used as substrate instead of hexanoyl-ACP and the reaction was carried out for 30 min. After heating at 80°C for 30 min with KOH, the reaction mixture was acidified and extracted with n-pentane. A portion of the extract was assayed with a liquid scintillation counter, and the rest of the extract was evaporated under nitrogen and then methylated with diazomethane. The methyl esters were separated on a stainless steel column (152 X 0.64 cm) packed with 10% diethyleneglycol succinate (Supelco, Bellefonte, PA). A Varian-Aerograph 920 gas chromatograph was used, coupled with a Nuclear-Chicago Biospan 4998 proportional radiation detector.
Materials. ACP was purified from E. coli by the method of Rock and Cronan (9) . Acetyl-ACP, hexanoyl-ACP, and deca-noyl-ACP were synthesized chemically as described by Shimakata and Stumpf (6) . Myristoyl-ACP, palmitoyl-ACP, and stearoyl-ACP were synthesized with acyl-ACP synthase purified from E. coli (10) and were purified as described by Rock and Garwin (11) . Purification from crude spinach extract of malonyl-CoA:ACP transacylase (unpublished data) and of 1-ketoacyl-ACP reductase, J3-hydroxyacyl-ACP hydro-lyase, and enoyl-ACP reductase to homogeneity (6) were as described. Cerulenin was purchased from Sigma.
RESULTS AND DISCUSSION
3-Ketoacyl-ACP Synthase Activity in Spinach Crude Extract. In spinach leaf extracts, synthase activity with increasing concentrations of palmitoyl-ACP was considerably higher than with decanoyl-ACP (Fig. 1) . Stearoyl-ACP was far less effective.
When either acetyl-ACP or decanoyl-ACP was used as a substrate with the PFAS enzyme system in extracts of spinach leaves, their activities were strongly inhibited by cerulenin (50% inhibition at about 6 puM), whereas the PFAS enzyme activity with palmitoyl-ACP as substrate was less sensitive to cerulenin (50% inhibition at about 17 uM) (data not shown).
To explain these results, (3-ketoacyl-ACP synthase was purified from spinach leaf extracts with decanoyl-ACP as the assay substrate (unpublished). This enzyme was active with acyl-ACPs having chain lengths from C2 to C14 but was far less effective with palmitoyl-ACP as the primer substrate (data not shown, but see Table 2 ) and was strongly inhibited by cerulenin (50% inhibition at 2 ,uM) (see Fig. 3 ). These results suggested that there must be two ,B-ketoacyl-ACP synthases in crude spinach extracts-one specific for primer chain lengths from C2 to C14 and the other specific for the C16 -_ C18 conversion; therefore, these synthases are designated I and II, respectively.
Purification of Synthase II. With decanoyl-ACP and palmitoyl-ACP as the assay substrates for synthase I and II, respectively, spinach leaf extracts were fractionated with ammonium sulfate (40-80% saturation) and then subjected to gelfiltration on Sephacryl S-300. Synthase II was clearly separated from synthase I, which surprisingly had low and high molecular weight activity peaks (Fig. 2 ). The lower molecular weight peak corresponded to the molecular weight of the purified synthase I-that is, 56,000 by gel-filtration (unpublished). The broad activity peak ofsynthase II had a molecular weight considerably higher than 57,500 obtained when the 295-fold pure protein (Table 1 ) was subjected to gel-filtration on a calibrated Sephacryl S-300 column. The 295-fold purified synthase II did not contain any other PFAS enzymes. It is of interest to note that the E. coli synthases Iand II (2) had molecular weights of 80,000 and 85,000, respectively, whereas the spinach I and II enzymes have molecular weights of56,000 and 57,500, respectively. The results obtained from Fig. 2 may suggest that, in the initial stages ofpurification, both synthases I and II could be associated with other proteins or may be aggregated.
Comparison of Catalytic Properties of Synthases I and II. Purified synthase II has an optimum pH at 8.1-8.5 but was ac-tive also at a broad pH range (6.8-9.1). The optimum pH of synthase I was similar to that of synthase II (unpublished). The The kinetic parameters for synthases I and II are summarized in Table 2 . With respect to substrate specificity, however, synthase II was clearly different from synthase I. Purified synthase I showed broad substrate specificity from C2 to C14 acyl-ACPs (with hexanoyl-ACP being the most effective substrate) but was far less effective with palmitoyl-ACP (unpublished), whereas the purified synthase II showed limited substrate specificity for only myristoyl-ACP and palmitoyl-ACP. The Km values of synthase I for acyl-ACPs from C2 to C14 were similar (Table 2) (unpublished), whereas the Km value of the synthase II was lower for palmitoyl-ACP (3.6 ,uM) than for both decanoyl-ACP and myristoyl-ACP (13.3 and 13.9 AM, respectively), although the maximal velocity was higher with myristoyl-ACP than with palmitoyl-ACP (Table 2) . Both synthases were essentially inactive with stearoyl-ACP.
Both synthases were completely inhibited by 5 mM N-ethylmaleimide and 1 mM p-CMB. However, whereas 1 mM arsenite did not inhibit synthase I, it caused a 42% inhibition with Proc. Nad Acad. Sci. USA 79 (1982) 430.Ot Stearoyl-ACP -1.0t -<lO.Ot The kinetic parameters of synthase I and synthase II for each substrate were obtained from double reciprocal plots of substrate concentration data (not shown here). When acetyl-ACP and short chain acyl-ACPs were used as substrates for synthases I and II, the spectrophotometric assay was carried out as described (unpublished). When decanoyl-ACP, myristoyl-ACP, and palmitoyl-ACP were substrates, a different method (2) was used. * nmol/10 min per mg of protein. t nmol/20 min per mg of protein.
synthase II. Cerulenin strongly inhibited synthase I activity with three substrates (acetyl-ACP, decanoyl-ACP, and myristoyl-ACP; 50% inhibition at 2 MLM), whereas synthase II activities with myristoyl-ACP and palmitoyl-ACP as substrates were relatively resistant to cerulenin (50% inhibition at about 50 AM) ( Fig. 3) .
Reconstitution of the PFAS Enzyme System. As described above, (3-ketoacyl-ACP synthases I and II purified from a crude extract of spinach leaves had different substrate specificities. In order to examine the role of both synthases in FAS, the PFAS enzyme system was reconstituted using only the component enzymes purified from spinach extract. Acetyl-CoA:ACP transacylase was omitted because hexanoyl-ACP served as the primer substrate.
When both synthases were omitted from the reconstituted system, ['4C]malonyl-CoA was not converted to '4C-labeled fatty acids (Table 3) . Omission of synthase I also resulted in low incorporation of ["4C]malonyl-CoA into fatty acids (Table 3 , experiment 2). However, when synthase I was added to the test system, the main product was ['4C]palmitate with smaller amounts of shorter chain 14C-labeled fatty acids also accumulating. The addition of synthase II alone to the system resulted in no fatty acid synthesis. The addition of synthases I and II to the test system resulted in [14C]stearate as the main product (Table 3, 
experiment 4).
These data clearly demonstrate that (i) synthase II plays a key role in the synthesis ofC18 fatty acids; (ii) all the other enzymes, that is, ,B ketoacyl-ACP reductase, f3-hydroxyacyl-ACP hydrolyase, and enoyl-ACP reductase, function well over the entire C2-C18 range; and (iii) earlier suggestions that a special elongation system is responsible for the C16 -> C18 conversion (3) (9), and myristoyl-ACP (*) as substrates, whereas (-ketoacyl-ACP synthase II (broken lines) was assayed with myristoyl-ACP (*) and palmitoyl-ACP (o) as substrates. Assay conditions for synthase I were as described (unpublished). Purified synthase 1(1 Mug of protein) was preincubated for 15 min in 0.1 M phosphate buffer (pH 7.5) containing 1 mM dithiothreitol and 1 mM EDTA with the indicated amounts of cerulenin; after preincubation, the reaction was carried out for 20 min at 33C with excess [14C]malonyl-CoA plus malonyl-CoA transacylase and ACP and with 30 MuM myristoyl-ACP or 30 MM palmitoyl-ACP as the primer substrates as described by Garwin et al. (2). can now be reinterpreted in terms of the role of the specific synthase II activity.
Finally, the products of the completely reconstituted FAS enzyme system compare very closely with those synthesized by the spinach leaf extract or by isolated chloroplasts in terms of C16 and C18 fatty acids formed (12) . The regulation of synthase II may play an important role in determining the relative amounts of C16 and C18 fatty acids in plant cells. For Exps. 1-4, FAS enzymes include purified spinach malonyl-CoA: ACP transacylase, P-ketoacyl-ACP reductase, ,Bhydroxyacyl-ACP hydrolyase, and enoyl-ACP reductase. Enzymes were mixed with ACP and dithiothreitol, and the mixture was preincubated for 20 min at 25°C. Then the FAS reaction was started by addition of the other components with hexanoyl-ACP as substrate and continued for 1 hr at 33°C as described in Materials and Methods except with omissions as indicated. P-Ketoacyl-ACP synthase I and ,B-ketoacyl-ACP synthase II were purified as described.
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